Objective: Glucocorticoids may contribute to the association between retarded growth in utero and insulin resistance in adulthood. Administration of dexamethasone (dex) to pregnant rats results in low birth weight offspring, which develop glucose intolerance, hyperinsulinaemia and hypercorticosteronaemia. This may be explained by tissue-specific differences in expression of glucocorticoid receptors (GR) in adult offspring: GR is increased in visceral fat and liver, and decreased in hippocampus and soleus muscle. However, cause and effect between altered GR expression, hypercorticosteronaemia, and hyperinsulinaemia remains to be established. Design and methods: Rats were treated with dex (100 mg/kg per day) or saline during the third week of pregnancy. In 5-8-month-old male offspring, GR expression in insulin target tissues was quantified by RNase protection assay in rats that were adrenalectomised (ADX group), sham operated (SHAM group), or adrenalectomised with supra-physiological corticosterone replacement (CORT group) (n ¼ 7 -8 per group), and in rats treated orally with vehicle, metformin (43 mg/kg per day) or rosiglitazone (1 mg/kg per day), after 3 weeks. Results: Manipulation of corticosterone concentration did not affect GR mRNA in skeletal muscle or adipose. In liver, sham-operated animals showed lower GR mRNA, but there was no difference between adrenalectomised and hypercorticosteronaemic animals (SHAM 0:11^0:01 ratio to b-actin, vs ADX 0:22^0:02; CORT 0:23^0:02; (values expressed as means^S.E.M.), P , 0:001). Rosiglitazone reduced GR mRNA by ,30% in liver of dex-and saline-treated offspring ðP , 0:05Þ; but had no effect on GR in adipose and skeletal muscle. Metformin abolished the 38% up-regulation of liver GR mRNA induced by antenatal dex and also reduced GR mRNA preferentially in muscle of dex-treated animals (0:14^0:01 vs 0:10^0:01; P ¼ 0:03). Conclusions: We conclude that neither hypercorticosteronaemia nor hyperinsulinaemia are sufficient to cause the changes in GR expression in dex-programmed rats, implying that these changes may be primary in determining the programmed insulin resistant phenotype. Normalisation of GR expression by metformin may be important in the mode of action of this anti-diabetic agent and may be especially useful to reverse-programmed up-regulation of GR.
Introduction
Numerous epidemiological studies associate poor growth in utero with hypertension (1), glucose intolerance (2), insulin resistance (3), non-insulin-dependent diabetes (2) , and ischaemic heart disease in adult life (4) . The molecular mechanisms of these associations are not understood, but it is likely that adverse stimuli act during particular developmental time windows during which rapid cell division and/or differentiation is taking place (5) . One hypothesis proposed to explain this 'programming' effect is overexposure of the foetus to glucocorticoids (6) . Glucocorticoids are important in the development of various organ systems before birth, and elevated glucocorticoid levels during pregnancy are associated with in utero growth retardation (7, 8) .
The administration of dexamethasone (dex) to pregnant rats results in low birth weight offspring that develop hypertension (9) , glucose intolerance, insulin resistance (10) , and an overactive hypothalamic -pituitary-adrenal (HPA) axis (11) in later life. These adult manifestations of programming may be explained by tissue-specific differences in expression of glucocorticoid receptors (GR). In the hippocampus, which is key in modulating feedback sensitivity of the HPA axis, down-regulation of GR is apparent in dex-treated rats (12) , implying reduced negative feedback to the HPA axis, and explaining the hypercorticosteronaemia observed. In the liver, GR is up-regulated (10), specifically in the peri-portal zones in which gluconeogenesis is under positive regulation by glucocorticoids (13) . Increased hepatic glucose output is the likely result. Plasma glucose levels are also determined by peripheral disposal to skeletal muscle and adipose tissue. Recently, in adult rats prenatally exposed to dex, we found that GR mRNA is also selectively increased in visceral adipose tissue, but not in either subcutaneous adipose tissue or in skeletal muscle; indeed in the soleus muscle (mainly type 1 oxidative fibres) GR mRNA levels are reduced (14) . GR in visceral adipose is important for glucose uptake and metabolic homeostasis, which may be pertinent to the insulin-resistant hyperglycaemic phenotype (15) . However, the mechanism(s) underlying these tissue-selective changes in GR density in key metabolic tissues remain unclear.
Previous in vivo studies have shown that short-term increases in glucocorticoid levels down-regulate GR mRNA in liver (16, 17) and skeletal muscle (18) , while adrenalectomy up-regulates GR mRNA in muscle (19) , but not in liver (17) . However, there is very little published information documenting GR auto-regulation in adipose tissue, or the effects of chronically altered glucocorticoid levels on GR. Thus, a key question is whether the observed changes in GR are of primary importance in determining the adult phenotype of prenatal dex-programmed rats, or whether altered GR expression is merely secondary to their hypercorticosteronaemia. It is possible that hyperinsulinaemia could also affect GR expression, since insulin sensitivity has been inversely correlated with GR expression in insulin resistance (20) , and cAMP levels are known to affect GR mRNA stability (21). A second question, then, is whether changes in GR expression in dex offspring are secondary to their insulin-resistant phenotype.
In this paper, we examine whether the observed tissue-specific changes in GR expression in adult offspring of dams administered dex prenatally are permanent, or can be attenuated by manipulation of the HPA axis or insulin sensitivity. In experiments in adult offspring, we altered the concentration of circulating corticosterone, or administered insulin-sensitising drugs (metformin or rosiglitazone), and examined the resulting level of GR expression in primary insulin target tissues.
Materials and methods

Maintenance and prenatal treatment of animals
Nulliparous 200 -250 g female Wistar rats were maintained under controlled lighting (lights on 0700 -1900 h) and temperature (22 8C) , provided with food (Standard rat chow, Special Diet Services, Witham, Essex, UK) and water, and allowed to feed ad libitum. They were time-mated on day 0 of pregnancy, and littered on day 22. Pregnant females were injected subcutaneously with 100 mg/kg dex in 0.9% saline containing 4% ethanol (Dex mothers) or 1 ml per kg vehicle (Saline mothers) each morning on days 15 -21 of pregnancy inclusive. Pups were weighed after birth, and litters culled to eight, retaining males in preference. After weaning at 3 weeks, male offspring were kept in cages containing sibling pairs (corticosterone experiment) or in groups of four (insulin-sensitising experiment). Experimental cohorts contained a maximum of two male offspring per litter, selected randomly. All animal procedures were carried out under the terms of the UK Animals (Scientific Procedures) Act 1986.
Manipulation of plasma corticosterone
Dex offspring underwent bilateral surgical adrenalectomy (ADX group), adrenalectomy plus subcutaneous corticosterone pellet implantation (CORT group), or sham surgery (SHAM group) at 8 months. Adrenalectomy or sham surgery was performed through paralumbar incisions under halothane anaesthesia. Adrenalectomised rats were maintained subsequently on 0.9% saline. After 3 weeks, n ¼ 6 -8 animals per sub-group were killed by decapitation between 0900 and 1100 h, organs were weighed, and trunk plasma and tissues frozen at 2 80 8C. Fat was removed from the subcutaneous (prefemoral) and retroperitoneal (perirenal) depots.
Corticosterone 21-acetate pellets consisting of a 2:1 mixture of corticosterone 21-acetate with elastomer (Silastic 20 medical grade, Dow Corning Corp., Midland, MI, USA) were prepared as previously described (22) . Such pellets have been demonstrated to release corticosterone at a constant rate for 4 weeks (22) . In a preliminary experiment, pellets were incubated in 0.9% saline, and the quantity of hormone released estimated spectrophotometrically at 240 nm. Five pellets were implanted, calculated to release a total of 0.6 -0.7 mg corticosterone over 24 h.
Administration of insulin-sensitising drugs
Adult offspring of dex and saline-treated dams were given insulin-sensitising drugs dissolved in water, or water alone, by gavage from 5 months of age. Eight animals per sub-group received 1 mg/kg rosiglitazone (ROS group), 43 mg/kg metformin (MET group), or 1 ml/kg water (VEH group) daily, at 0900 h (23) . During this period, animals were weighed on alternate days, and food intake per cage (four individuals) was measured daily. Animals were killed after 3 weeks' treatment, as described above.
Plasma corticosterone assay
Freshly thawed plasma was used for the analysis of corticosterone, using a specific radioimmunoassay, modified for use in a microtitre plate scintillation proximity assay (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK) (24). The lower limit of accurate detection for this assay was 50 nmol/l. Polyclonal rabbit anti-corticosterone antibody was kindly provided by Dr Chris Kenyon, University of Edinburgh.
Isolation of RNA
RNA was isolated from tissues using TriZol (Invitrogen Life Technologies/Gibco BRL, Paisley, UK). Muscle was powdered using a pestle and mortar under liquid nitrogen, while liver and adipose tissue were homogenised (Ultra-Turrax T8 auto-homogeniser, Ika Labortechnik, Staufen, Germany). For adipose tissue, homogenates were centrifuged at 600 g for 10 min and the lipid supernatant discarded. The integrity of total RNA was assessed using ethidium bromide after agarose gel electrophoresis.
DNA templates
Promega Ltd, Southampton, Hants, UK supplied all enzymes and cold nucleotides. pGEM-T Easy vector containing a 186 bp length of rat GR exon 2, derived by 5 0 -RACE PCR from rat thymus RNA (25) , was provided courtesy of Dr Karen Chapman, University of Edinburgh. After linearisation with NCo-I, the complementary antisense RNA strand was generated using SP6 RNA polymerase.
p-TRI-B-Actin-125-Rat plasmid containing a rat b-actin DNA insert was purchased from Ambion Inc., Austin, Texas, USA, linearised using BamHI, and transcribed using SP6 polymerase. Due to a base mis-match, RNase digestion results in the generation of a 106 bp hybrid, rather than the advertised 125 bp. Century RNA size markers (100, 200, 300, 400 and 500 bp), obtained from Ambion Inc., were labelled with T7 RNA polymerase.
RNA probes
Riboprobes and markers were synthesised using [a-32 P]GTP (111 TBq/mmol, Amersham Pharmacia Biotech) (25) , with cold rGTP added according to the desired specific activity. For assay of liver, quadriceps and extensor digitorum longus muscle (EDL) GR, 12.5 mmol/l cold rGTP was used for each probe; for soleus, 12.5 mmol/l for actin and 6.25 mmol/l for GR probes; for adipose tissue, 62.5 mmol/l for actin and 4.17 mmol/l for GR probes. DNA was removed using DNase, and labelled riboprobes and markers were purified by passage through Nick Sephadex G-50 DNA columns (Amersham Pharmacia Biotech). Aliquots of each probe were electrophoresed, and their integrity determined using a phosphorimager (FLA-2000, Raytest Scientific Ltd, Sheffield, UK).
RNase protection assay (RPA)
RNase protection assays (RPAs) were carried out as previously described (25), except for the following details. Hybspeed RPA kits (Ambion Inc.) were used, along with a mixture of RNases A (0.5 u/ml) and T 1 (8 Kunitz units/ml) from the kit, or Roche Diagnostics Ltd, Lewes, East Sussex, UK, diluted 1:10. Total RNA (50 mg for liver and quadriceps, 30 mg for EDL and soleus, and 25 mg for adipose tissue) was co-precipitated with cRNA probe (liver and muscle: GR 100 000 c.p.m., actin 250 000 c.p.m.; adipose: 150 000 c.p.m. of each probe). RNA products were separated on a 4% polyacrylamide gel containing 7 mol/l urea, alongside radiolabelled markers and controls. Results were visualised by autoradiography and quantified using a phosphorimager and Aida 2.0 Auto Image Data Analyser software (Raytest Scientific Ltd). Comparison of the relative abundance of GR mRNA between treatment groups was made after normalisation of GR to actin band intensity. On each gel, duplicate or triplicate reaction products of a standard total RNA preparation were also loaded, and used to normalise data where there was inter-gel variation in relative band intensity.
Statistics
All data are presented as means^S.E.M. Normally distributed data were analysed using one-way (adrenalectomy experiment) or two-way (insulin sensitisation experiment) ANOVA. Post hoc analysis utilised Tukey's Honest Significant Difference or Student's t-tests. Kruskal -Wallis ANOVA on ranks was used where data were not normally distributed, with post hoc analysis using Dunn's test. Data relating only to prenatal treatment were analysed using Student's t-test, the Mann-Whitney Rank Sum Test or the Chi-square test, as appropriate. Results were taken to be significant with P # 0:05:
Results
Birth data
Analysis of the entire birth cohort showed that prenatal dex treatment reduced birth weight by an average of 15.2% (control 6:04^0:05 g; n ¼ 83 vs DEX 5:120 :04 g; n ¼ 162; P , 0:001). There was no effect of dex on either litter size (control 9:2^0:7; n ¼ 16; DEX 10:1^1:0; n ¼ 9; P ¼ 0:43) or sex distribution (control 47 male, 36 female; DEX 72 male, 90 female; x 2 ¼ 3:46).
Effect of modifying plasma corticosterone levels in adult dex offspring
To determine whether chronic alterations in glucocorticoid levels may explain the tissue-specific differences in GR gene expression seen in dex offspring, adults were adrenalectomised with and without corticosterone replacement.
Plasma corticosterone concentration Trunk plasma corticosterone concentration was below the detection limit (50 nmol/l) in all ADX rats. Trunk blood plasma corticosterone levels were similar in SHAM and CORT rats ( Fig. 1) , and elevated relative to the normal circadian mean (26, 27) .
Body and organ weight There was no difference in the body weight between groups at the end of the experiment (ADX 470^14 g, SHAM 513^35 g; CORT 492^31 g; n ¼ 7 or 8 per group; P ¼ 0:29). Thymus mass decreased as the plasma corticosterone concentration increased (Fig. 2) , confirming expected chronic effects of surgery with and without glucocorticoid replacement (28) .
GR mRNA in tissues In the liver, ADX and CORT rats had similar levels of GR mRNA expression in rats prenatally exposed to dex (Fig. 3a) , but levels were twofold higher than in liver from SHAM rats. Chronic glucocorticoid manipulations had no effect on GR mRNA in skeletal muscle (either EDL or soleus, Fig. 3b, c) or adipose tissue (either subcutaneous or retroperitoneal, Fig. 3d , e); in these tissues, sham-operated controls were similar to ADX and CORT-replaced groups.
Effect of treatment of adults with insulinsensitising drugs
To examine the possible role of the documented insulin resistance in this model in producing the changes in GR expression, we exploited two classes of insulin-sensitising drugs.
Body weight/appetite Examination of all 24 rats utilised from each of the two prenatal treatment groups revealed that dex offspring were heavier at the start (Saline 296:5^3:3 g; Dex 322:5^6:4 g; P ¼ 0:003) and end of the experiment, and indeed gained more weight during this period. The administration of insulin-sensitising drugs did not alter body weight gain (Table 1) . Dex offspring consumed more chow than controls, while treatment with both metformin and rosiglitazone resulted in a further increase in appetite.
GR mRNA in tissues Prenatal exposure to dex during the third week of pregnancy resulted in a 38% increase in liver GR mRNA expression in adulthood (Fig. 4a) , confirming previous in situ hybridisation data (10), but using RPA methodology. A sample gel is presented in Fig. 5 . Rosiglitazone reduced GR mRNA expression in liver independently of prenatal treatment. In striking contrast, metformin reduced GR mRNA levels preferentially in liver of dexprogrammed animals, and thus abolished the difference in liver GR levels between offspring exposed to dex and vehicle prenatally. Table 1 Effects of insulin-sensitising drugs on food intake and body weight. Data are means^S.E.M. By two-way ANOVA, both prenatal ðP , 0:001Þ and adult ðP , 0:001Þ treatment had effects on appetite. Both metformin ðP , 0:05Þ and rosiglitazone ðP , 0:05Þ increased appetite, independent of prenatal treatment. *P , 0:05 vs prenatal control. Drug treatment had no effect on weight gain during, or body weight at the end of, the experiment. A difference due to prenatal treatment was maintained, however ðP , 0:001Þ; with dex-treated offspring continuing to gain more weight during this peroid ðP , 0:001Þ:
Treatment group Mean food intake per cage (g/day)
Mean weight gain during experiment (g)
Body weight at end of experiment (g) Prenatal Adult   Saline  VEH  157^4  2 42  3 1 89  Saline  MET  172^3  2 63  3 2 76  Saline  ROS  168^3  2 24  3 2 07  Dex  VEH  162^2  2 92  3 3 513  Dex  MET  175^2  3 52  3 5 011  Dex  ROS  187^2  3 In quadriceps muscle, no significant effect of prenatal treatment on adult GR mRNA levels was seen (Fig. 4b) . There was no effect of rosiglitazone administration on GR mRNA, but in contrast, metformin reduced GR mRNA levels in skeletal muscle. Once again, this was predominantly an effect in prenatally dex-programmed animals: there was a significant 29% reduction in GR mRNA in Dex-MET vs Dex-VEH rats, while the reduction in Saline -MET vs Saline -VEH rats was not significant.
Discussion
We have shown that in adult rats prenatally exposed to dex, GR mRNA expression in skeletal muscle and adipose tissue is unaffected by chronic manipulation of plasma corticosterone levels. In liver, GR mRNA appeared to be down-regulated by acute stress in sham-operated animals, but was unaffected in all groups by chronic differences in plasma corticosterone. In contrast, treatment of dex-treated offspring with metformin in adulthood normalised GR expression in liver and muscle. These effects were not seen with another insulin-sensitising drug, rosiglitazone, which reduces liver but not muscle GR irrespective of prenatal treatment. This suggests that insulin resistance/hyperinsulinaemia is not of itself responsible for up-regulation of GR expression in programmed animals. Further investigation of the action of metformin on GR regulation may, however, provide key insights into its mechanism of action and the determinants of programming of adult GR expression by prenatal dex. In this paper, we have confined our investigations to the effects of metabolic manipulation in adulthood upon levels of GR mRNA. Additional work is merited to examine whether changes in mRNA observed are also manifested at the protein level, as post-translational modification represents an additional level of control over GR expression (29) .
Consistent with prior observations, dex treatment of rats in week three of pregnancy resulted in a significant reduction in birth weight of the offspring, with no alteration in either litter size or sex distribution of pups (10, 11) . By 5 months of age, however, dextreated offspring were 9% heavier than controls, which differs from previous results, where offspring prenatally overexposed to glucocorticoids were of the same weight (10, 30) , or lighter in adulthood (24) . During the 3-week period that food intake was monitored, dex offspring showed a marginal, but significant hyperphagia. This may be the cause of the weight gain, as hyperphagia was found to mediate obesity in the offspring of undernourished dams (31) . Further analysis of growth trajectory and body composition of dex-programmed offspring would be interesting in the light of the association between low birth weight and later obesity in other animal models (31) and human populations (32) .
The primary outcome in our further investigation of these animals is measurement of GR mRNA. In RPAs, the GR signal was normalised to b-actin. It is arguable, in view of the widespread transcriptional effects of insulin, that there is no ideal 'housekeeping' gene to which gene expression of any target gene can be normalised. However, we found no systematic differences in actin expression between treatment groups.
Plasma corticosterone concentration was chronically manipulated by adrenalectomy with and without supra-physiological corticosterone replacement to determine whether dysregulation of GR mRNA in the tissues of adult dex offspring is determined by hypercorticosteronaemia. No effect of chronic corticosterone manipulation was seen in either of two different skeletal muscles, the soleus (87% slow twitch, type I, predominantly oxidative muscle fibres) and EDL (98% fast twitch, type II, mainly glycolytic fibres) (33) . Similarly, no effect of altering circulating glucocorticoid was found in either of the white adipose tissue depots tested. In liver, the results were more complex. The primary comparison was made between GR mRNA levels in liver of the CORT and ADX groups, since these represent the extremes of variation in chronic circulating glucocorticoid status; the lack of difference suggests that, as in adipose and muscle, there is no effect of chronic alterations in plasma corticosterone on liver GR mRNA. However, lower GR mRNA was observed in sham-operated animals. This was probably an effect of acute hypercorticosteronaemia, resulting from stress immediately prior to killing, to which adrenalectomised animals would not respond. In support of this contention, liver GR mRNA down-regulation has been recorded previously within 30 min of administration of dex in vivo (16) . Furthermore, an effect of sham surgery per se has been previously identified on the expression in liver of 11b-hydroxysteroid dehydrogenase type I, the enzyme responsible for re-activation of endogenous glucocorticoid (34) . We conclude, therefore, that this relatively large acute effect on GR mRNA expression is not necessarily relevant to chronic effects of corticosterone on GR expression in liver, and that chronic differences in corticosterone do not account for differences in hepatic GR mRNA in dexexposed animals.
Previous studies have not considered the effect of altered corticosterone concentration on GR mRNA in muscles of varying fibre type composition (18, 19) or adipose depots, or the effect of such chronic manipulations on liver GR (16, 17) . However, down-regulation of GR provoked by addition of dex to hepatoma cells reverses within a few days (35) , while the effect of adrenalectomy on hippocampal GR is abolished within 2 weeks (36), supporting the implication of this study that GR auto-regulation is a relatively acute phenomenon. These findings indicate that chronic hypercorticosteronaemia is not responsible for tissue-specific dysregulation of GR mRNA levels in dex-programmed rats.
In a separate series of experiments, insulin-sensitising drugs were administered to adult dex-treated and control rats, to evaluate whether normalisation of hyperinsulinaemia would affect programmed GR expression. Metformin and rosiglitazone, two drugs used widely in the clinical treatment of type 2 diabetes, were given using the same protocol as has been successfully applied previously to reduce the glucose intolerance and insulin resistance of Zucker obese rats, as assessed by oral glucose tolerance tests (23) . The appetite of rats on both of these treatments was stimulated, independent of any programmed effect, but this did not affect weight gain during the course of this experiment. This effect is in contrast to that seen in Zucker obese rats, where appetite was depressed by metformin in one study (37) , and unaffected in another (23) . Indeed, reduction of food intake and therefore obesity has been suggested to play a role in the clinical effect of metformin (38) .
The effects of insulin-sensitising drugs on GR mRNA differed between tissues and between classes of drug. In liver, whereas rosiglitazone reduced GR expression irrespective of prenatal treatment, metformin normalised the programmed over-expression of GR. In skeletal muscle, metformin but not rosiglitazone reduced GR mRNA, again having a greater effect in dex-treated offspring. Thus, the effect of metformin in reducing GR in both tissues is specific to programmed animals, whereas that of rosiglitazone in the liver is non-specific. Some of these changes in gene expression are of small magnitude, so that the ultimate impact of insulin-sensitising agents on GR binding and activation is uncertain. However, of most relevance to the aims of this manuscript, both drugs had similar effects to normalise hyperinsulinaemia (23), yet they did not both normalise GR; we can conclude that GR gene expression in dexprogrammed rats is not determined simply by hyperinsulinaemia. Moreover, programming of GR gene expression in this model appears to be susceptible to a specific, and novel, action of metformin.
Thiazolidinediones, such as rosiglitazone, have antihyperglycaemic effects (39) , mediated through binding to peroxisome proliferator-activated receptor gamma (PPARg), predominantly in adipose tissue (40) . However, PPARg activation also suppresses hepatic glucose output, despite low levels of receptor expression in the liver (41) . It is possible that rosiglitazone has direct effects on the liver, since thiazolidinediones have been shown to modify GR-mediated effects in cell culture (42) . However, it is widely supposed that effects on hepatic metabolism are mediated by factors released from adipose tissue that are altered by thiazolidinediones, such as resistin (43) , free fatty acids (44) or glucocorticoids (45) . Which of these might influence GR expression in liver has not been tested, but this is an important question for further study.
Metformin has well-recorded physiological effects in reducing hyperglycaemia, through insulin-sensitising and non-insulin dependent means (46) , but its specific site of action has not been identified. This study shows effects of metformin in reducing GR expression in two insulin-sensitive tissues, most potently in insulinresistant dex-programmed animals. The mechanism of programming of GR mRNA remains obscure, but it has been proposed that its tissue-specificity is explained by differential regulation of alternate promoters influencing transcription at alternate exon 1 start sites (25) . The specific effect of metformin on GR mRNA in programmed animals offers a tool to dissect pathways that influence these tissue-specific promoters, which may respond directly or indirectly to metformin, and thereby unravel the molecular mechanism of programming. Equally importantly, down-regulation of GR may be a component of the poorly understood insulinsensitising effect of metformin (20) . Moreover, this effect may recommend metformin as an appropriate therapeutic agent for amelioration of the metabolic syndrome in individuals of low birth weight. Further work is required to determine whether the effect of metformin on GR is direct or indirect, whether it is of sufficient magnitude to affect GR function, and hence whether it might be significant in the treatment of diabetes.
In summary, these studies provide evidence that neither hypercorticosteronaemia nor insulin resistance is sufficient to explain all the tissue-specific changes in GR gene expression observed in rats prenatally overexposed to glucocorticoids, implying that GR gene expression is permanently programmed and may be a primary mechanism of insulin resistance. We additionally report that rosiglitazone lowers hepatic GR mRNA independently of programming, which may be important in the hepatic insulin sensitising effect of thiazolidinediones. Finally, we found that metformin reduces GR expression specifically in insulin-resistant liver and muscle, which may offer insights into the molecular determinants of programming of GR and the mechanism of action of this drug.
